Archipelago of Japan. To explore chromosome variation on Takarajima Island, karyomorphological analysis was made in 238 individuals from six localities throughout the island. Total five different chromosome numbers (2n=16, 17, 18, 19, 20) and 11 cytotypes were recognized in the area. In the localities of the island, multiple cytotypes coexisted and diversified every year among and within population, although populational coexistence of plural cytotypes was maintained. Especially, three cytotypes of 16 (6m), 17 (5m) and 18 (4m) co-occurred in every locality, indicating that they were involved in a formation of cytotypes in Takarajima Island.
decade, we explored karyomorphologies of the species from the Ryukyus and Taiwan, and revealed a remarkable intraspecific karyotypic polymorphism: five different chromosome numbers and 18 cytotypes in the Ryukyus (Oginuma et al. 2004a; Kono et al. 2008 Kono et al. , 2010 and four different chromosome numbers and eight cytotypes in Taiwan (Oginuma et al. 2004b; Kono et al. 2012) . To our knowledge, intraspecific chromosomal variation especially in the Ryukyus has been documented in several plants, i.e., Asteraceae (Ixeris nakazonei: Denda and Yokota 2004) , Cyperaceae (Carex sociata: Ohkawa et al. 2000) , Hydrangeaceae (Hydrangea liukiuensis and H. yayeyamensis : Akiyama 1989) and Urticaceae (Elatostema suzukii: Yamashiro et al. 2000) . With one exception (Ohkawa et al. 2000) , all the plants documented, however, were polyploidal variations in chromosome numbers. Therefore, L. mauritiana with the intraspecific karyotypic polymorphism was a significant rare plant in the Ryukyus.
Moreover, L. mauritiana showed a coexistence of multiple cytotypes within a population mainly in the central Ryukyus, islands from Takarajima Is. to Okinawajima Is. (see Table 1 in Kono et al. 2008 Kono et al. , 2010 , and also four localities of Taiwan (Kono et al. 2012) . Specifically in Taiwan, cytotype distributions were clearly structured geographically most localities had single cytotype; four major cytotypes dominated the north, east and south of Taiwan and the Penghu Is. However, none of detailed reports of intra-populational karyotypic analysis and cytogeographical structure were conducted in the Ryukyus. Thus, by focusing on the intra-populational karyotypic polymorphism and its cytogeography of the species from the central Ryukyus, a series of studies are conducted hereafter. The present study targeted the plants on the northernmost island of the central Ryukyus, Takarajima Is., with ca. 14 km around, ca. 300 m high and ca. 7 km 2 in area (Fig. 1b) . The aims were to: (1) investigate different chromosome numbers and cytotypes; (2) determine intra-populational multiple cytotypes; (3) reveal dynamics of intra-populational cytotypes after two years.
MATERIALS AND METHODS
In total 238 individuals of Lysimachia mauritiana from six populations throughout Takarajima Is. were karyotypically and cytogeographically analyzed for the first time in 2010 (Table 1 ; Fig. 1c ). 13 to 62 plants per locality were collected and its average was 39.7 plants. Habitats of all localities were similar, sandy and/or gravel coasts of raised coral reefs. Each sample with rosette leaves, 5-8 cm in diameter, was randomly collected at 30-50 cm intervals TKR-5 29°08'43"/129°13'03" 18 6m + 2sm + 10t 3 1 5m + 2sm + 1st + 10t 2 4 4m + 2sm + 2st + 10t 6 6 17 7m + 2sm + 8t 6 0 6m + 2sm + 1st + 8t 10 4 5m + 2sm + 2st + 8t 9 13 16 8m + 2sm + 6t 5 2 7m + 3sm + 6t 9 1 6m + 4sm + 6t 12 13 (N = 62) (N = 44) TKR-6 29°08'29"/129°12'03" 18 6m + 2sm + 10t 0 4 5m + 3sm + 10t 0 9 4m + 2m + 2sm + 10t 2 5 17 7m + 2sm + 8t 4 1 6m + 2sm + 1st + 8t 6 7 5m + 2sm + 2st + 8t 8 15 16 8m + 2sm + 6t 3 1 7m + 3sm + 6t 7 1 6m + 4sm + 6t 11 11 (N = 41) (N = 54) to avoid collecting seedlings from the same plant. After field works, samples were cultivated in the experimental greenhouse of University of Kochi. For karyotypic analyses, somatic chromosomes were examined using root tips; methods of pretreatment, fixation and staining were described in Kono et al. (2012) . Classifications of chromosome morphology on the basis of the centromeric position followed Levan et al. (1964) . Voucher specimens were deposited in the herbarium of University of the Ryukyus (RYU). Over the last decade, we have investigated the karyotypic polymorphism of L. mauritiana in the Ryukyus and Taiwan (Oginuma et al. 2004a, b; Kono et al. 2008 Kono et al. , 2012 . Through them including the present study, the marker chromosomes designed as bold 'm' (longer metacentric chromosomes) and 'cytotype(s)' were consistently applied for the simplification of the wideranged karyotypic polymorphism (see Kono et al. 2012 for more information). Likewise, the additional sampling was conducted in 2012, and 229 individuals (38.2 plants in average) were collected from the same localities of the island for dynamic analyses of cytotypes in the respective localities (Table 1 ; Fig. 1d ). The procedures of collecting plants, chromosome observations and karyotypic analyses were totally same as described above.
RESULTS AND DISCUSSION
Karyotypic polymorphism and cytogeography Chromosome numbers and predominant karyotypic formulae of Lysimachia mauritiana in each locality were shown in Table 1 . In 2010, five different chromosome numbers, 2n=16, 17, 18, 19, 20, and 11 cytotypes on the basis of the marker chromosomes, namely 2n=16 (6m), (7m), (8m); 17 (5m), (6m), (7m); 18 (4m), (5m), (6m); 19 (5m); 20 (4m), were identified in a total of 238 individuals. Additionally, intra-populational variations in cytotypes of the species were observed in all localities and their appearance frequencies in respective localities were as follows (Table 1 ; Fig. 1c ):
(1) TKR-1 Nine cytotypes co-occurred: 21.9 % in 16 (6m); 18.8 % in 17 (5m) and 17 (7m); 15.6 % in 16 (8m); 12.5 % in 18 (5m); 3.1 % in 16 (7m), 17 (6m), 18 (4m) and 18 (6m).
(2) TKR-2 Five cytotypes co-occurred: 46.1 % in 20 (4m); 23.1 % in 16 (6m); 15.4 % in 17 (5m); 7.7 % in 18 (4m) and 18 (5m).
(3) TKR-3 Ten cytotypes co-occurred: 19.7 % in 16 (7m); 16.4 % in 16 (6m) and 17 (5m); 9.8 % in 16 (8m), 17 (6m) and 17 (7m); 8.2 % in 18 (4m); 5.0 % in 18 (5m); 3.3 % in 18 (6m); 1.6 % in 19 (5m).
(4) TKR-4 Six cytotypes co-occurred: 34.5 % in 17 (5m); 20.7 % in 16 (6m) and 17 (6m); 13.8 % in 16 (8m); 6.9 % in 18 (4m); 3.4 % in 16 (7m).
(5) TKR-5 Nine cytotypes co-occurred: 19.4 % in 16 (6m); 16.1 % in 17 (6m); 14.5 % in 16 (7m) and 17 (5m); 9.7 % in 17 (7m) and 18 (4m); 8.1 % in 16 (8m); 4.8 % in 18 (6m); 3.2 % in 18 (5m).
(6) TKR-6 Seven cytotypes co-occurred: 26.8 % in 16 (6m); 19.5 % in 17 (5m); 17.1 % in 16 (7m); 14.6 % in 17 (6m); 9.8 % in 17 (7m); 7.3 % in 16 (8m); 4.9 % in 18 (4m).
Not only the 2n=20 (4m) but also the 18 (6m) cytotypes were considered to be the predominant cytotypes for chromosomal rearrangement of the species and designed as 'JM-type (Japanese mainland-type)' and 'SR-type (Southern Ryukyu-type)' (Kono et al. 2011) . The 20 (4m) cytotype has been known in every islands previously investigated, which is north of Takarajima Is., i.e. Tanegashima and Yakushima Is. of the Osumi group and Kuchinoshima, Nakanoshima, Suwanosejima, Akusekijima and Kodakarajima Is. of the Tokara group (Kono et al. 2008 and unpublished data). Additionally, except for the Ryukyus, the same cytotype with 2n=20 (4m) was also scattered in many places of the Japanese Archipelago: Nagasaki, Kochi, Ehime, Shimane, Tottori and Fukui Prefectures (Tanaka and Hizume 1978; Kono et al. 2008) and the northern Taiwan [as 20 (4m) TN cytotype in Kono et al. 2012] . However the 20 (4m) cytotype distributed only in TKR-2 on Takarajima Is.
Although the 18 (6m) cytotype occurred a few in three localities on the island, it dominantly distributed in the Ryukyu group, especially south Ryukyus, i.e. Sakishima group without Yonagunijima Is. (Oginuma et al. 2004a; Kono et al. 2008) , and also eastern Taiwan (Kono et al. 2012) .
Besides, odd numbered cytotypes [16 (7m), 17 (5m), 17 (6m), 17 (7m) and 18 (5m)] were likely to be derived from inter-cytotypic crossing within a population.
Recently, showing a wide-ranging karyotypic polymorphism of L. mauritiana from the Osumi, Tokara (within Takarajima Is.) and Amami groups, 16 cytotypes were recognized in the area (Kono et al. 2008) , of which 11 cytotypes were found in the small island, Takarajima. Moreover, all six localities had mixed-growing multiple cytotypes from five to ten within a population. Therefore, it is suggested that the island showed the highest intraspecific karyotypic diversity both within-and amongpopulations in the Ryukyus.
Dynamics of cytotypes
Two years later in 2012, the second investigation of cytotypic frequencies was conducted in the same localities on Takarajima Is. The total number of cytotypes decreased in comparison with that of 2010, i.e. four different chromosome numbers and 10 cytotypes with the exception of 2n=20 (4m) were detected among 229 individuals (Fig. 1d) . The appearance frequency of cytotypes in 2012 and its comparison result with that of 2010 were detailed in the sections below:
(1) TKR-1 Five cytotypes co-occurred: 66.6 % in 17 (5m); 16.7 % in 16 (6m); 6.7 % in 17 (6m) and 18 (4m); 3.3 % in 16 (7m).
The total number of cytotypes decreased in 2012 from nine to five, namely, four cytotypes of 16 (8m), 17 (7m), 18 (5m) and 18 (6m), together accounted 50.0 % in 2010, could not be found and/or grown in the locality. Instead of them, in 2012, the 17 (5m) cytotype substantially increased by 47.8 % (from 18.8 to 66.6 %); three cytotypes of 16 (7m), 17 (6m) and 18 (4m) inconsiderably increased by 0.2 % (3.1 to 3.3) and by both 3.6 % (3.1 to 6.7), respectively; only the 16 (6m) cytotype decreased by 5.2 % (21.9 to 16.7).
(2) TKR-2 Six cytotypes co-occurred: 42.8 % in 18 (4m); 26.2 % in 17 (5m); 16.7 % in 17 (6m); 7.1 % in 16 (6m); 4.8 % in 18 (5m); 2.4 % in 18 (6m).
The 20 (4m) cytotype accounted for approximately half in 2010, however, it was not found in 2012. On behalf of the cytotype, the 18 (4m) cytotype greatly (35.1 %, 7.7 to 42.8) and 17 (5m) slightly (10.8 %, 15.4 to 26.2) increased. Additionally, two cytotypes of 17 (6m) and 18 (6m) were newly recorded, thus, the number of cytotypes showed a slight increase from five to six in the locality. Among them, the 16 (6m) and 18 (5m) cytotypes reduced by 16.0 % (23.1 to 7.1) and by 2.9 % (7.7 to 4.8), respectively. The total number of cytotypes decreased in 2012 from ten to seven: three cytotypes of 16 (8m), 17 (7m) and 18 (6m) could not be found and/or grown in the locality. Among seven cytotypes, both 16 (6m) and 17 (5m) substantially increased by 13.6 % (16.4 to 30.0); the 17 (6m), 18 (4m) and 19 (5m) cytotypes slightly increased by 0.2 % (9.8 to 10.0); 6.8 % (8.2 to 15.0); 3.4 % (1.6 to 5.0), respectively; the 16 (7m) cytotype decreased by 14.7 % (19.7 to 5.0); the 18 (5m) cytotypes showed the same frequency.
(4) TKR-4 Six cytotypes co-occurred: 41.0 % in 17 (5m); 25.6 % in 16 (6m); 15.4 % in 17 (6m); 12.8 % in 18 (4m); 2.6 % in 16 (8m) and 18 (5m).
In the locality, the 18 (5m) cytotype newly recorded in 2012 replaced by the 16 (7m) cytotype in 2010, hence, the total number of cytotypes remained the same. The 16 (6m), 17 (5m) and 18 (4m) cytotypes showed a slightly increasing by 4.9 % (20.7 to 25.6); 6.5 % (34.5 to 41.0); 5.9 % (6.9 to 12.8), respectively. The frequencies of the remaining two cytotypes, 16 (8m) and 17 (6m), decreased by 11.2 % (13.8 to 2.6) and by 5.3 % (20.7 to 15.4).
(5) TKR-5 Eight cytotypes co-occurred: 29.5 % in 16 (6m) and 17 (5m); 13.6 % in 18 (4m); 9.1 % in 17 (6m) and 18 (5m); 4.6 % in 16 (8m); 2.3 % in 16 (7m) and 18 (6m).
The total number of cytotypes inconsiderably decreased from nine to eight because the 17 (7m) cytotype was not collected in 2012. Among eight cytotypes, the frequencies of the half four cycotypes, 16 (6m), 17 (5m), 18 (4m) and 18 (5m) increased by 10.1 % (19.4 to 29.5); 15.0 % (14.5 to 29.5); 3.9 % (9.7 to 13.6); 5.9 % (3.2 to 9.1), respectively. While, the rest of four cytotypes, 16 (7m), 16 (8m), 17 (6m) and 18 (6m) decreased by 12.2 % (14.5 to 2.3); 3.5 % (8.1 to 4.6); 7.0 % (16.1 to 9.1); 2.5 % (4.8 to 2.3), respectively.
(6) TKR-6 Nine cytotypes co-occurred: 27.8 % in 17 (5m); 20.4 % in 16 (6m); 16.7 % in 18 (5m); 13.0 % in 17 (6m); 9.3 % in 18 (4m); 7.4 % in 18 (6m); 1.8 % in 16 (7m), 16 (8m) and 17 (7m).
In addition to seven cytotypes in 2010, the 18 (5m) and 18 (6m) cytotypes occupied about a quarter in 2012 were newly found, thus, the total number of cytotypes increased. Among seven cytotypes with the exception of 18 (5m) and 18 (6m), only two cytotypes of 17 (5m) and 18 (4m) slightly increased by 8.3 % (19.5 to 27.8) and by 4.4 % (4.9 to 9.3); the remaining five cytotypes, 16 (6m), 16 (7m), 16 (8m), 17 (6m) and 17 (7m), decreased by 6.4 % (26.8 to 20.4); 15.3 % (17.1 to 1.8); 5.5 % (7.3 to 1.8); 1.6 % (14.6 to 13.0); 8.0 % (9.8 to 1.8), respectively.
As the results, with the exception of the 20 (4m) cytotype, 10 cytotypes found in 2012 agreed with those of 2010. The respective localities showed an intra-populational variation in cytotypes both years, therefore, the appearance frequencies of cytotypes per unit of area on Takarajima Is. were the highest in the Ryukyus.
In TKR-2, a representative cytotype of 20 (4m), which mainly distributed in the northern Ryukyus and the Japanese mainland, has been collected in 2010, not in 2012. It is suggested that plants with the 20 (4m) cytotype were no longer grown in the area due to being inadaptable to the habitat of this island and/or we could not find it in 2012. It might be derived from an artificial disturbance because the locality is adjacent area to the main port of this island as a gateway of people and goods.
Even though, cytotypes would be created and diversified every year among-and within-populations studieand vice and versa on Takarajima Is., intra-populational cytotypic variations were still maintained. Interestingly, three cytotypes, 16 (6m), 17 (5m) and 18 (4m), coexisted every locality both in 2010 and 2012. They might be involved in a formation of cytotypes on this island.
Further karyomorphological studies are necessary to clarify the cytogeographical structure of Lysimachia mauritiana in the Ryukyu Archipelago.
